The effective areas of three force-balanced piston gauges (FPGs) and two Furness Rosenberg standards (FRS) in the operating pressure range of each device varying for 1 Pa-15 kPa have been accurately computed both in the gauge and absolute modes. Geometrical data for the non-rotating piston-cylinder assemblies (PCAs) have been provided by the National Metrology Institutes (NMIs) of PTB, RISE, INRiM and CMI. Since the flow is in a wide range of the Knudsen number, simulations have been based on the Batnagar-Gross-Krook (BGK) kinetic model equation, while the typical Dadson and CFD approaches have been complimentary applied only in the viscous regime. Furthermore, an uncertainty analysis has been performed. The effective area is strongly affected by the PCA geometry and the flow conditions, while its dependency on pressure may be different even for devices of the same type. The main source of uncertainty is the dimensional measurements of the piston and the cylinder, followed by the accommodation coefficient characterizing the gas-surface interaction, while the effect of other flow and modeling parameters is negligible. The total relative standard uncertainty of the effective area has been always found to be less than 1 · 10 −5 indicating that pressure measurements of high accuracy can be ensured. Since the effective area is estimated based solely on computations the FPG and the FRS assemblies may be characterized as primary pressure standards.
Introduction
In many industrial sectors, such as cleanroom technologies, petrochemicals, pharmaceuticals, storage of nuclear and toxic wastes and power plants, the pressure range between 1 Pa and 15 kPa is present in various stages of the production lines. The accuracy and reliability of the pressure measuring devices are critical and have to be ensured. Pressure standards of high accuracy, capable of providing traceability at sufficient low uncertainty level following the demands of industry are required.
In the specific pressure range, however, there is a lack of fundamental standards that can provide the required accuracy. Some of the promising devices that could be used as primary
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standards in the pressure range 1 Pa-15 kPa are piston gauges (PGs) equipped with the non-rotating piston-cylinder assemblies (PCAs) [1] [2] [3] [4] [5] . In the present work, two of these devices are examined. The first one is the force-balanced piston gauge FPG8601, manufactured by Fluke, which is used by many National Metrology Institutes (NMIs) and pres sure calibration laboratories as a reference instrument for both absolute and gauge modes [3, 6] . The second one is the Furness Rosenberg standard (FRS), manufactured by Furness Controls [7] , which is also used by various NMIs and calibration laboratories, and has been also proved as a reference and transfer standard for low absolute and gauge pressures [8] . Two different types of FRS instruments, namely the FRS4 and FRS5, are in use by laboratories.
In the previous years, comparisons between NMIs have been performed targeting at the statement of equivalence between pressure standards [3, 4, 8] , but only few attempts to characterize the FPG8601 or FRS as primary standards have been reported [9] [10] [11] [12] . In order to metrologically characterize each device, all parameters that can affect the measurement have to be examined and quantified. The most important parameter is the effective area (A eff ) of the PCA. Per definition, the effective area of a PCA is the net force acting on the piston in course of the measured pressure divided by the value of this pressure. This net force includes, among others, the forces acting on the piston due to the gas flow in the gap between the piston and the cylinder. These forces have to be calculated based on the real geometry of the gap and using suitable simulation tools to find out the pressure distribution in the piston-cylinder gap with high accuracy and reliability. Then, the effect of the flow can be combined with the geometrical surface of the piston to recover A eff . When the PCA is planned to be used as a primary standard, the effective area has to be estimated based on geometrical data in a very accurate and precise manner.
It is noted that the dimensions of the gap between the piston and the cylinder, in both the FPG and FRS devices, are of the order of micrometres (µm). In addition, the operational pressure is small, especially when the devices are working in absolute mode. Under these conditions, there are regions in the flow domain where the mean free path between two molecular collisions is comparable to the characteristic length of the flow and the typical approaches of fluid dynamics such as the Navier-Stokes equations or simplified theories, such as the Dadson theory [13] , cannot describe the flow with accuracy. Alternative simulation tools based on kinetic theory and modeling as described by the Boltzmann equation (BE) [14, 15] are needed.
Using kinetic model equations produced by simplifications of the BE is a reliable option producing very accurate results. This approach has been implemented for many decades in the simulation of rarefied gas flows either at low pressure conditions [16, 17] or in microdevices [18, 19] with considerable success. More specifically, the Bhatnagar-Gross-Krook (BGK) kinetic equation, where the collision term of the BE is replaced with a simplified model expression, has been applied in various pressure driven flow configurations and produced excellent results, especially when isothermal flows are examined. This approach is valid in the whole range of the Knudsen number which allows the flow to be simulated in a unified manner without the need of combining meso-and macroscale (viscous) approaches. Recently, the same methodology has been applied for simulation of gas flow in pressure measuring standards [12, 20, 21] .
In the present work, a detailed computational investigation of the gas flow in PCAs is performed via the BGK kinetic model approach and the effective area of the PCAs is computed in the whole range of the operational pressure for both the gauge and absolute modes. The methodology is applied to three different FPG8601, as well as to one FRS4 and to one FRS5. The geometrical data for the three FPGs have been provided by NMIs PTB (Germany), RISE (Sweden) and INRiM (Italy), while for the FRS4 and FRS5 by CMI (Czech Republic) and PTB, respectively. Furthermore, the uncertainties due to measurements as well as to the various flow conditions and parameters are considered and their effect on the computed effective area for each device is provided.
Description of devices
The main characteristics of the FPG8601, the FRS4 and the FRS5 are well-known and therefore, only a brief description is provided here pointing the issues which are of importance in the present work. In figure 1 , a schematic representation of the three investigated PCAs is shown. In all three devices, two parts of the gap can be clearly identified, namely the top and bottom parts. The dimensional data of all PCAs include the piston radius r i , the cylinder radius R i , the gap width h i and the piston-cylinder engagement length L i , where i = T and i = B correspond to the top and bottom parts, respectively. In addition, P meas is the measured pressure, P ref is the reference pressure, while in the FPG8601 configuration, P lub is the pressure of the lubrication gas entering the piston-cylinder gap.
The main part of the FPG8601, manufactured by Fluke, is the PCA, which is located between two pressure chambers, namely the measuring and the reference chambers [1, 6, 22] . The former contains the gas under investigation, while the latter one remains at a reference pressure against which the measured gas pressure is defined. The operating pressure range is between 1 Pa-15 kPa and depending on the reference pressure (100 kPa and 1 Pa in the gauge and absolute modes respectively), measurements can be performed in either mode. The piston and the cylinder are separated by a biconical gap with a nominal width of 6 µm at the PCA center and 1 µm at the two PCA extremities. This gap is used to avoid frictional forces and to keep the piston aligned via a lubricating gas flow. The lubricating gas enters the piston-cylinder gap through two supply holes located at the cylinder center at a pressure 40 kPa higher than the reference pressure and flows towards the two pressure chambers. Finally, a high precision load cell measures the force acting on the piston, and the pressure of the investigated gas is extracted by using the pistoncylinder effective area.
The PCA of the FRS4 [23] , manufactured by Furness Controls, is also located between the measuring and reference pressure chambers. The FRS4 operates only in the gauge mode and has a measuring pressure range between 1 Pa-3.2 kPa. The piston and cylinder have constant diameters and a nominal gap width of 50 µm [7] . Friction between the piston and cylinder is avoided by using a parallelogram suspension system with flexible hinges, which ensures no relative horizontal displacement of the piston but allows free axial movement. Gas is supplied from an annular groove located at the top of the PCA, while almost all the gas is extracted before reaching the reference pressure (100 kPa) chamber through the intermediate port annular groove located at the PCA bottom. Finally, the PCA is mounted on an electronic balance mechanism, which can give a precise value of the force acting on the piston.
The FRS5 is a more recent version of the FRS4. The most important change is the ability to operate in both gauge and absolute modes with the reference pressure chamber kept at 100 kPa and 0.01 Pa, respectively, while the operating pressure range is extended to 1 Pa-11 kPa. Other modifications include the capability of checking the zero setting without evacuation and an additional turbo molecular pump for the working volume, while the gap between the piston and the cylinder is reduced to a nominal value of 25 µm [5] . Also, the nominal piston area is reduced from about 100 cm 2 to about 45 cm 2 . More details on the design and operation of the devices can be found in the literature [5, 7, 23] .
Method of calculation of effective area and the associated uncertainties
The accuracy of the pressure measurement of the three investigated piston gauges mainly depends on the precision of the force measurement and the accuracy of the computed effective area. The latter one is the main objective of this work. The effective area of a PCA is defined as the ratio of the force F read acting on the piston over the pressure difference between the two piston ends
The operational data of the FPG8601 include the measuring, lubrication and reference pressure values, while for the FRS4/5 the operational data are the measuring, intermediate and reference pressure values. The effective area of each part is computed separately by taking into account the forces that act on each part respectively. These forces include: (a) the force due to the pressure difference, (b) the drag force due to the lubricating gas flow and (c) the vertical component of the pressure force that acts normally to the piston lateral surface. Since the ratio of the gap width over the radius of the piston h/r is sufficiently small then the effective area can be expressed as [13] A i = πr In the FPG8601, the total effective area can be computed by taking into account the forces F T and F B that act on the top and bottom piston parts, respectively, during pressure measurement, as well as the taring force F 0 acting on the piston due to the load cell zeroing process. The total force that acts on the piston is F = F B -F T -F 0 and after some mathematical manipulation of equation (1), the total effective area of the FPG8601 can be calculated as
where A T,0 is the effective area of the top part during the load cell zeroing process. In the FRS4/5, the total effective area is computed in the same manner. Here, the total force F is the addition of the force that acts on the top part F T and the force that acts on the bottom part F B . It is readily seen that the total effective area can be written as
It is observed that, when the dimensional data of the PCA are known, only the pressure distribution along the gap must be defined in order to calculate the effective area. In the hydrodynamic regime, the analytical solution of the Poiseuille flow for a compressible ideal gas provides the pressure distribution in a closed form [13] 
However, due to the low operating pressure and the small gap dimensions, the continuum hypothesis collapses and the hydrodynamic solution is not valid. In this case, a kinetic approach is required to calculate the pressure distribution along the gap. It is important to note, that the kinetic results are also valid for the hydrodynamic regime and thus, the kinetic theory can be applied as a uniform method. In the kinetic formulation, the pressure drop along the gap is computed by solving the ordinary differential equation [24] 
subject to the known pressure at the inlet and the outlet of the gap defined by P in and P out , respectively. Here, u 0 is the most probable molecular speed and G(δ, r/R) is the dimensionless flow rate. An iterative scheme is applied, where an initial guess of mass flow rate is used to find the pressure distribution along the gap and the pressure at the outlet. Then, depending on the deviation between the calculated and real value of the pressure at the outlet, a new guess of the mass flow rate is used and the computational process is repeated. The iterative scheme is ended when the outlet pressure is recovered with a relative error smaller than 10 −7 . As it is clearly seen from equation (6), the value of the dimensionless flow rate G is needed on each step of the process. Since G depends on both the rarefaction parameter δ, which is inversely proportional to the Knudsen number, and the ratio r/R between the piston and the cylinder radii, a robust kinetic database is needed. For the present study, a dense database has been created by solving the linearized BGK kinetic model equation for different values of δ ∈ [10 Dimensional measurements have been performed by the PTB, INRiM, RISE and CMI. Depending on the available equipment and method of measurement, different level of uncertainty is achieved and consequently, the effective area calculation is subjected to a proportional level of uncertainty. Since dimensional data are needed for both the piston and the cylinder components, the standard uncertainty of the effective area of the PCA due to the measurement uncertainty denoted by u d is estimated as [20] 
where u p and u c are the values of the diameter uncertainties of the piston and cylinder, respectively, while R m is the mean piston and cylinder radius. This equation assumes the dimensional uncertainties of the piston and cylinder to be uncorrelated, which is justified by an analysis of the dimensional data's uncertainty presented in [25] . In addition to the dimensional measurements, there are tentative variations in other parameters that can increase the overall uncertainty of the effective area and are mostly connected to the deduced flow field and pressure distribution along the gap. These parameters include the accommodation coefficient α, the gas temperature T, the modeling error due to the implementation of the BGK model instead of the original BE and the approximation of introducing in the computations dry N 2 instead of N 2 with some humidity. In order to have the maximum possible change in the computed effective area due to these parameters, when the exact values are not known, the worst-case scenario is adopted. For each parameter, the uncertainty introduced is calculated based on the relative deviation of the effective area computed based on the reference case scenario. The reference data are: α = 1, T = 20 °C, pure dry nitrogen and BGK model. For each case, only the parameter under investigation is changed, while the rest of the parameters remain as in the reference case. The uncertainty of the effective area of the device due to uncertainty of parameter j is denoted by u j and is estimated as
The subscripts j = α, t, m, h correspond to the accommodation coefficient, temperature, model equation and humidity uncertainties respectively, while Δ j (A eff ) is the difference between the effective area of the reference case and the case under investigation. Finally, the overall uncertainty is calculated as the Euclidean norm of all investigated uncertainties:
In sections 4.2 and 4.3, the computed effective areas and the associated uncertainties are provided for each PCA. All uncertainties in this publication are standard uncertainties.
Results and discussion
Numerical simulations have been performed for all 5 PCAs based on the dimensional datasets provided by the NMIs (PTB, RISE, INRiM and CMI). The kinetic algorithm used has been validated through comparison with other in-house mesoscale tools including the DSMC method, while comparison with the hydrodynamic approach has been also successfully performed for high operation pressure test cases. In addition, PTB has developed in parallel and independently numerical codes using both the Dadson theory and the BGK kinetic equation obtaining excellent agreement between corresponding results for both PTB devices.
Data of the FPGs and FRS4/5
In tables 1 and 2, the basic parameters of the datasets for the FPG8601s and the FRS4/5 are tabulated, respectively. The data include information about the number and position of the dimensional data provided for the analysis (number of angular positions of measurement and number of axial points), the total engagement length, the average gap measurements (inlet, outlet, mean), the average piston and cylinder radii and the average piston area. The uncertainty of the diameter measurements is also provided. As it is seen, PTB and INRiM devices have similar diameter uncertainties, while RISE and CMI have much higher diameter uncertainties resulting in a higher dimensional uncertainty.
The FPG8601 assemblies of PTB and RISE have similar resolution in the axial direction and both have eight points in the azimuthal direction. On the other hand, the INRiM assembly has fewer points on the axial direction and 4 points in the azimuthal direction. This difference of the resolution of measurements can be attributed to different equipment used or to different processing of the original dimensional measurement results.
For the FRS4, data have been provided only for the top part and not for the bottom part of the PCA due to technical reasons. However, based on the operational principle of the device, it can be assumed that there is no flow in the lower part since the bulk of the gas is extracted from the lower groove and consequently, there are no forces acting on the piston due to gas flow in the lower part.
In all simulations, dry N 2 at 20 °C has been used as the working fluid. No end effects have been considered for the gas flow since the ratio of the length over the average gap width is very large for all devices (about 4000 for FPG8601 and 1000 for FRS). It has been proved that, under such conditions, end effects are negligible [26]. 
Computation of effective area
Simulations have been performed for all 5 PCAs at each angular position according to the data in tables 1 and 2, and each time the effective area has been calculated, considering a device as axisymmetric with constant radii in the azimuthal direction for both piston and cylinder. Then, the overall A eff is recovered as the average of all angular values. In all cases, the effective area results are provided with respect to the pressure difference (ΔP) which is defined as the difference between the measured absolute pressure and the reference absolute pressure, the latter being 100 kPa for the gauge mode and 0 Pa for the absolute mode.
To test the range of applicability of all available numerical tools, simulations using the BGK kinetic equation, Dadson theory and the CFD algorithm have been carried out, and a comparison is performed to test the range of validity of the viscous approaches (Dadson and CFD) . Results are presented in figures 2-4 for the FPG8601 of PTB, the FRS4 and the FRS5, respectively. A comparison between the effective areas computed by the kinetic and viscous approaches is provided first in the gauge mode and then in the absolute mode.
In the gauge mode of the FPG device (figure 2), there are significant discrepancies between the kinetic approach and the two viscous approaches. This is contributed to the small width of the gap in the FPG, which is about 2-4 µm, resulting, especially at the end of the piston-cylinder engagement length where both pressure and gap width are reduced, to rarefied conditions. As it is well known in such conditions the Knudsen number is relatively large and the viscous approaches are not valid. On the contrary, very good agreement between the effective areas of the kinetic and viscous approaches is observed in the gauge mode of the FRS4 (figure 3) and FRS5 (figure 4) devices. In both FRS, the gap width is of the order of tens of mircometres and the flow is mostly in the hydrodynamic and (partially) in the slip regimes. Consequently, in the gauge mode, the kinetic approach is valid for all PCAs, while the Dadson and CFD approaches are applicable only for the FRS devices.
In the absolute mode of the FPG (figure 2) and FRS5 (figure 4), the discrepancies between the kinetic approach and the two viscous approaches are always significant, and this is due to the low pressures with the gas flow being in the transition and free molecular regimes. Under such rarefied conditions, only the kinetic methodology can provide reliable and accurate results. Even when the pressure is increased and the deviations between the kinetic and viscous approaches are reduced, the viscous approaches cannot be implemented because the exact pressure at which gas rarefaction effects start to appear is not known a priori and it varies at each device. Consequently, in the absolute mode, the viscous approaches are not applicable. Therefore, the results presented here are based on the kinetic approach since it is the only one that should be applied for both modes and all devices.
Closing this discussion, it is noted that comparing the effective areas of the FPGs of RISE and INRiM, based on the kinetic and viscous approaches, yields a similar behavior with the one observed in figure 2 for the FPG of PTB and therefore, these plots are omitted.
In table 3 the effective area A eff for the three FPG devices is tabulated, in the absolute and gauge mode operation. The respective results for the two FRS devices are presented in table 4. As pointed in section 2, the pressure range varies in each device depending on its maximum operating pressure. More specifically, the maximum operating pressure of the FPG8601, the FRS4 and the FRS5 is 15 kPa, 3.2 kPa and 11 kPa, respectively.
In the gauge mode for all FPG8601 devices, the effective area increases as the operating pressure is increased. However, in the absolute mode, the effective area of the FPG of PTB is increased with the operational pressure, while it is decreased for the other two FPGs of RISE and INRiM. The effective area of both FRS4/5 is slightly decreased as the operating pressure is increased in the gauge mode. For the FRS5 in the absolute operational mode the effective area is not changed monotonically with pressure. Initially, it increases with operational pressure changing from 10 Pa to 100 Pa, then it decreases with operational pressure rising to 5 kPa and then, it increases again. As it is seen, there is no clear trend of the effective area with respect to the operating pressure, and this is true for all devices (including the three FPGs).
Based on the tabulated results in tables 3 and 4, it is concluded that the effective area is strongly affected by the geometry of the device and the flow conditions. Even for devices of the same type, the value of A eff , as well as its dependency on the operational pressure, may be different.
Estimation of associated uncertainties
The standard uncertainty introduced by each parameter involved in the computation of the effective area is estimated. These uncertainties are tabulated in tables 5 and 6 for the gauge and absolute modes, respectively, for all five devices and the maximum operating pressure of each device. All values are in parts per million (ppm) and they are computed based on equation (8) . The total uncertainty, based on equation (9), is also provided. Next, each introduced uncertainty is separately discussed for different scenarios.
Starting with the dimensional uncertainty it is seen that, as expected, uncertainties introduced from dimensional measurements are, in general, significant. For devices where the uncertainty of the dimensional measurements is of the order of 25-30 nm, the uncertainty introduced in A eff is about 1 ppm or less, depending on the device. When dimensional uncertainty is higher, the contribution is also higher and can reach up to 8 ppm. Along with the uncertainty of the dimensional measurement, the effect of the limited number of the measurement angles was studied and, in tables 5 and 6, is included in the dimensional uncertainty. It is noted that the exact value depends not only on the dimensional uncertainty but also the average piston-cylinder radius. Concerning the uncertainty introduced by the accommodation coefficient, it is noted that in most cases α = 1 (this is the reference value for the estimation of A eff ). In some cases, when the surface is treated, α may be slightly reduced. Here, two scenarios have been examined: (a) α = 0.9 and (b) α = 0.8. In the first scenario, the maximum deviations are 1.2 ppm and 0.47 ppm for the absolute and gauge operation modes, respectively, and the corresponding values in the second scenario are 2.44 ppm and 1.02, respectively. Taking into consideration that α = 0.8 corresponds to a highly polished surface, it may be concluded that the effect of the accommodation coefficient is of moderate importance but not negligible.
Next, the uncertainty introduced by gas temperature variations is examined by considering the deduced changes of the gas properties, namely the most probable velocity and viscosity. Deformations of the piston and the cylinder due to material's thermal expansion are not considered, since the temperature fluctuations are small and, because the thermal expansion correction is usually applied to the effective area during piston gauge operation considering the PCA temperature. Two scenarios are examined: (a) ΔT = ±1 K and (b) ΔT = ±2 K. In all cases, the deviations are less than 0.11 ppm. Since the operation of the devices is under isothermal conditions and the pressure range is small with very weak compressibility effects, temperature variations larger than 2 K are not expected. Therefore, the temperature effect on the uncertainty of A eff is negligible.
The uncertainty due to the implementation of the BGK kinetic model equation instead of the BE is also examined. To achieve that, the flow has been simulated by solving the linearized BE and comparisons with the corresponding BGK results have been performed. In the absolute operation mode, where gas rarefaction effects are stronger, the maximum deviation is about 0.25 ppm, while in the gauge operation mode, where the gas is more dense, the maximum value is 0.11 ppm. It is clear that the BGK model does not introduce any significant error in the calculations of A eff and the BGK equation can be considered as a reliable tool in the case of isothermal flows.
The gas flowing in the gap between the piston and the cylinder in the reference case is considered to be dry N 2 . In fact, under real conditions it contains 50% relative humidity. To judge if the assumption of dry N 2 has a significant impact on the results, simulations have been performed for all devices using the equivalent gas theory [27] . Now the gas mixture is considered as a single equivalent gas and its properties are the weighted mean average of the properties of the mixture components. It has been found that in all cases the deviations are smaller than 0.04 ppm. Although strictly speaking the equivalent single gas theory is valid in the slip and viscous regimes and its accuracy is gradually reduced in the transition or the free molecular regimes, it may be safely concluded that the dry gas assumption has a negligible effect on the computation of the effective area.
Finally, based on all these uncertainties the total uncertainty for each PCA at its maximum operation pressure is tabulated in the last lines of tables 5 and 6. It is computed via equation (9) as the Euclidean norm of all uncertainty contributions for the worst-case scenario. For all five assemblies, the total uncertainty is less than 10 ppm. The uncertainty of the dimensional measurements is the most important parameter followed by the accommodation coefficient, while the uncertainties due to variations in the gas temperature, the use of the BGK model and the humidity content are negligible. It is concluded that, by implementing kinetic modeling tools, accurate values of A eff in the operation pressure range of 1 Pa-15 kPa for both the absolute and gauge operational modes can be obtained. Furthermore, provided that dimensional measurements with small uncertainty are recovered, pressure measurements of high accuracy can be ensured.
Concluding remarks
In the present work, the effective area of three FPG8601, one FRS4 and one FRS5 in the whole operational pressure range of each device varying between 1 Pa and 15 kPa has been computed. Geometrical data for the PCAs have been provided by PTB, RISE, INRiM and CMI. Since the flow is under rarefied conditions, modeling has been based on the BGK model equation, while the typical Dadson and CFD approaches have been complimentary applied only in the viscous regime. It has been found that the effective area is strongly affected by the geometry of the device and the flow conditions, and its estimated value, as well as its dependency on pressure, may be different even for devices of the same type. Furthermore, an uncertainty analysis has been performed. It is concluded that the main source of uncertainty is the dimensional measurements of the piston and the cylinder, followed by the accommodation coefficient characterizing the gassurface interaction, while the effect of other flow and modeling parameters is negligible. In all cases, the total standard uncertainty of the effective area has been found to be less than 10 ppm indicating that pressure measurements of high accuracy can be ensured. It is noted that, since the effective area is computed based solely on simulations, the FPG and the FRS piston gauges characterized in this way can serve as primary pressure standards.
Finally, it is noted that a comparison between the computed effective areas based on the present analysis with the corresponding experimental ones obtained by the NMIs taking into account the associated uncertainties is in progress. The objective is to determine the expected accuracy when the PCAs are used as primary and secondary pressure standards. 
